Abstract-In this paper we develop cross-layer schemes combining source rate selection, power management, and error control for wireless multicast of SNR scalable video. In particular, two error control schemes are analysed and compared. The first one, type 2 hybrid ARQ/FEC, is based on incremental redundancy chosen to recover losses and provide the required level of video quality. The second one, called noncausal error control, relies on error concealment from future video data whose quality is adaptively adjusted to bring the video quality up to the desired level for all users. Our results indicate that noncausal error control can be significantly more efficient than type 2 hybrid ARQ/FEC. Index Terms-Error concealment, error control, power management, wireless video multicast.
I. INTRODUCTION

E RROR CONTROL schemes for unicast video transmission include Forward Error Correction (FEC), Automatic
Repeat reQuest (ARQ), and error concealment [1] . FEC is an open-loop error control scheme that adds redundancy to the bitstream prior to transmission. It is suitable for communication scenarios where the feedback from the receiver is not feasible, such as interactive conversational services. Because no feedback is assumed, packet loss needs to be predicted, and redundancy is designed for a range of possible packet loss realizations. However, only one of the possible loss realizations actually happens, so FEC usually ends up being either inefficient, or ineffective [2] . When feedback is feasible, as in video streaming, ARQ schemes can be more efficient than FEC [3] . With ARQ, packet loss need not be predicted as with FEC, but simply observed and reported to the server. The redundancy is then chosen to exactly match the observed loss.
Error concealment has traditionally been thought of as the "last line of defense" against packet loss [4] . There are several reasons for this. Error concealment is an application-layer technique, so it can be employed over any communication infrastructure, and activated whenever other error recovery methods fail. Further, error concealment relies on estimation of lost pieces of video data from the available ones, so it only provides approximate recovery of missing information. It might not always be possible to recover missing video data with sufficient quality. However, the error concealment method of [5] , which we employ in one of the error control schemes described in this work, allows us to easily determine the quality of concealed data and decide whether it would be able to satisfy quality constraints. Hence, this error concealment method can form the "first line of defense," and other error control schemes can be employed only if the server determines that the quality of the concealed data would be too low.
When multiple users need to receive the same data, multicast transmission can offer several advantages over unicast transmission, such as bandwidth savings and reduced resource requirements at the server and intermediate nodes. As the number of multicast users increases, the savings generally increase. But the large number of users also makes error control more challenging, because different users experience different losses. This is especially true in wireless multicast, where high error rates are common.
Our focus in this work is on centralized error control schemes for multicast, where the responsibility for providing error recovery rests with a single entity, typically the video server itself. The most efficient of these schemes seems to be type 2 hybrid ARQ/FEC [6] (T2HA/F). In this scheme, each user periodically reports the number of received packets out of previously transmitted packets, so the server can calculate how many packets has each user lost. Suppose the user with the largest loss has lost out of transmitted packets. The server would then transmit parity packets (constructed from, say, Reed-Solomon code with ) on the multicast channel. These parity packets will enable each user to correct its own losses. The following example illustrates why this scheme is more efficient than standard ARQ. Suppose six packets were sent to three users. In Table I , packet reception is indicated by 1 and packet loss by 0. In this case, if using standard ARQ, the server would need to transmit four packets (2, 3, 4, and 6), while only two parity packets would be needed if T2HA/F is used.
In this paper we consider a wireless video multicast streaming system whose goal is to maintain received video quality for all users above a certain pre-specified level, while minimizing the energy used to transmit the video. We present two error control schemes suitable for this task, along with the corresponding power management algorithms. Both schemes make use of the receiver-side buffers which are common in video streaming [1] . One of the schemes is T2HA/F mentioned above. The other one is an extension of noncausal error control (NCEC) [7] the multicast case. NCEC is based on error concealment of lost data from future data using backward error concealment. Since future data is used as the reference for error concealment, its quality can be adjusted so that the required level of quality is achieved in the damaged portion of the video when error concealment is applied. The novel aspects of this work include:
• Cross-layer formulation of type 2 hybrid ARQ/FEC (T2HA/F) for wireless video multicast. Distortion-rate (D-R) information from the application layer is used to set power levels for packet transmission at the physical layer, thereby providing unequal error protection.
• Extension of another cross-layer error control scheme, the noncausal error control (NCEC) [7] , to the multicast case. Loss of video packets is concealed from future video data, which plays a double role in our video multicast system-first, as the video data itself; and second, as the error control mechanism.
• Comparison of the energy efficiency of T2HA/F and NCEC in maintaining the required video quality at the receivers. The results indicate that NCEC can be significantly more efficient than T2HA/F. The work described in this paper is an extension of our work in [9] . The paper is organized as follows. In Section II we provide an overview of a 3G wireless video multicast system. Section III describes the two error control schemes (T2HA/F and NCEC) that can be used in wireless video multicast. Their comparison is reported in Section IV, and conclusions are presented in Section V. Fig. 1 shows the key components of a generic 3G wireless video multicast system, which can be built on various technologies, e.g. UMTS [10] or cdma2000 [11] . Compressed video content is stored at the server in a scalable format. The server sends the video stream to radio network controllers (RNCs), which control the operation of base stations. Video content is transmitted on a broadcast channel. Depending on the content they wish to receive, users tune into the appropriate broadcast channel while maintaining a low-bandwidth dedicated connection to the base station. This dedicated channel is used for service and content updates, mobility management, and error control-related feedback, as described below.
II. WIRELESS VIDEO MULTICAST SYSTEM
A. Video Coding, Packetization, and Decoding
The video coder used in this work is the fully scalable Motion-Compensated Embedded ZeroBlock Coder (MC-EZBC) [12] , [13] . The basic coding unit is the group of pictures (GOP), typically 8 or 16 frames long. Video bitstream is packetized on a GOP-by-GOP basis into 512-Byte packets, which include a 4-Byte header, used as follows: 11 bits specifying GOP number, 5 bits specifying packet number within a GOP, and 16 cyclic redundancy check (CRC) bits. Application-level payload consists of 508 Bytes of compressed video data, so the number of bits in the payload is . The bandwidth expansion factor due to packet headers is . Each user sends one small packet per GOP back to the server using its dedicated channel. This feedback packet indicates which packets were received in the previous GOP, so the server can determine packet loss for each user, and adjust its future actions accordingly. The loss of a packet is indicated by bit 0 in the feedback packet, while the reception is indicated by bit 1. If there are packets in a GOP, feedback related to that GOP will require bits. Using this feedback information the server decides on the number of parity packets that need to be transmitted, in the case of T2HA/F. In the case of NCEC, the server can find how much of the bitstream can each user decode, and then adjust the quality of future data which will be used as the reference for error concealment. In our experiments in Section IV, the number of packets per GOP never exceeded 16, so feedback information was limited to 16 bits. Since the amount of feedback information is so small, we assume the feedback packet is always received correctly, because its small size allows for heavy protection-either by increasing its transmission power, or using strong channel coding, or both.
The error concealment algorithm used here is the backward error concealment from [5] , which makes use of the properties of motion-compensated temporal filtering to recover data lost in a given GOP (say GOP ) from the data in the following GOP (in this case, GOP ). The quality of the recovered data depends on the number of decodable bits in both GOPs, which in turn depends on the number of packets received in both GOPs. Fig. 2 shows an example of the operational distortion-rate (D-R) surface produced by this error concealment algorithm. The surface corresponds to the maximum frame distortion (as measured by mean squared error-MSE) within GOP after error concealment from GOP , as a function of the number of packets received in these two GOPs, and , respectively. We denote such a surface as . If the rate is expressed in terms of bits instead of packets, the surface could be denoted . This example was produced using the grayscale QCIF sequence Foreman at 30 frames per second (fps), encoded using the 8-frame GOPs, with . Operational D-R concealment surfaces are stored at the server, and used to adjust the quality of future data as necessary to maintain the received video quality above the specified level. Observe that the quality of the concealed data improves as the number of packets (and consequently the quality of the data) in the following GOP increases. This enables the server in the NCEC mode to choose the appropriate number of packets in the following GOP, which will bring the quality of the concealed data up to the desired level. Both error control schemes described in this paper require compressed video data to be buffered at the receiver during the decoding process. This buffering enables the server to take error control action prior to video display. The receiver-side buffer needs to hold two GOPs-the current one (GOP ), and the previous one (GOP ), which is subject to error control. In the simulations described later in the text, we used QCIF sequences at 30 fps, with transmission rates of up to 215.0 kilobits per second (kbps). With 8-frame GOPs, the amount of memory needed to hold two compressed GOPs is no more than .
B. Wireless Channel Model
We adopted a simple and tractable wireless channel model in this work. We model the wireless channel as a Rayleigh fading channel with additive white Gaussian noise. The channel attenuation remains constant over one bit interval, but may vary between bits, and the sequence of fading levels is wide-sense stationary. Hence, if is the random variable representing fading during bit , we have . Different users may have different values of . The modulation scheme considered here is binary differential phase-shift keying (DPSK). Bit error probability of binary DPSK over a Rayleigh fading channel [14] is , where is the received energy per bit period, and is the noise power spectral density. Transmission power is kept constant over the duration of a packet, but can be changed between packets. Hence, while packet is being transmitted at a power level , average received energy per bit is , where is the transmission rate. The expression for bit error probability in packet now becomes , where . The packet is discarded and considered lost if any of its bits are erroneously received. Hence, the loss probability of packet is (1) This relationship between transmission power and packet loss probability will be used in the following sections to compute appropriate transmission power levels. 
III. POWER MANAGEMENT AND ERROR CONTROL
The goal of power management is to minimize the energy used to transmit a given video while maintaining the expected distortion of the received video below a certain level . Let be the number of frames in GOP , and be the frame rate. For real-time transmission, we have a time slot of seconds to transmit all the information related to GOP . With packet payload size , bandwidth expansion factor , and transmission rate , the maximum number of packet slots in a time slot for GOP is (2) where denotes the largest integer not greater than . Some of these slots will be used for video information packets, while the rest will be used for error control packets related to the previous GOP, as shown in Fig. 3 .
Error control packets can either be parity packets used to correct losses in the previous GOP, or extra video packets used to improve the quality of the future video data, so that the quality of concealed data in the previous GOP is brought up to the required level. Depending on the packet loss and the error control scheme being used, there are three possibilities for choosing what to send as error control:
A. No loss in the previous GOP-in this case, no error control packets are sent, and all the packet slots for the current GOP are allocated to the video data from the current GOP. This problem is explored in Section III-A below. B. Some loss in the previous GOP, followed by transmission of parity packets-in this case, explored in Section III-B, the server needs to determine how many parity packets need to be sent. This number equals the largest number of lost packets among all users. C. Loss in the previous GOP, followed by backward error concealment-in this case, the server needs to determine how many packets from the following GOP need to be sent in order for error concealment to produce concealed data of sufficient quality. This can be done with the help of D-R concealment surfaces such as the one shown in Fig. 2 . Section III-C describes this case. In the T2HA/F mode, the server needs to consider cases A and B above. In the NCEC mode, all three cases need to be considered. Although error concealment is the first option for error recovery in NCEC, it might not always be able to provide the required quality of reconstruction, for example, when there is complex motion or a scene change in the video. In that situation the server may need to transmit parity packets for error recovery. Details are given in Section III-C.
A. No Loss in the Previous GOP
In this section we assume that no packets have been lost in the previous GOP, so the server only needs to send the data related to the current GOP. Let denote the maximum individual frame distortion in GOP after decoding bits. Operational distortion-rate (D-R) curves are easy to obtain with a SNR scalable codec-video needs to be encoded once, and decoded at multiple points of interest. By definition of , if for some , then after decoding bits all frames in GOP will have distortion of no more than . Let be the minimum number of packets in GOP needed to satisfy the distortion constraint in the loss-free case, i.e.
(3)
If all packets up to packet in GOP are received, but packet is lost, we can decode up to bits in that GOP. Let be the loss probability of packet in GOP . For independent losses, the expected maximum frame distortion at the receiver for GOP is (4) So, the expected distortion for GOP is a function of the operational D-R curve and the loss probabilities of packets in GOP , which in turn depend on power levels used to transmit those packets, according to (1) . Obviously, if , there are fewer packet slots available for GOP than the number that is needed to satisfy distortion constraint in (3). Hence, in our simulations described in Section IV, the transmission rate of the broadcast channel in (2) is always chosen sufficiently high to support the required quality. Typical values of and for the two test sequences (Claire and Foreman) are listed in Table II , where distortion constraints are shown in terms of the minimum Peak Signal-to-Noise Ratio (PSNR) in dB.
If the number of available packet slots is larger than the number of slots needed to support the required quality, some packets might be repeated in more than one slot. As demonstrated in [7] , this leads to energy savings. Suppose packet in GOP is repeated times during the transmission of GOP . Then the decoder will be able to decode this packet as long as at least one of its copies is received. The corresponding loss probability reduces to , and one can write the equation for expected distortion as
The goal is to minimize the total energy spent on transmission of GOP , while keeping the expected distortion at the receiver below . For each packet in GOP   TABLE II  PARAMETERS USED IN THE SIMULATIONS , we want to find the power level and the number of repetitions so as to minimize subject to (6) where the relationship between the packet loss probability and power is given by (1). This is a nonlinear mixed-integer problem. We could solve this problem by finding 's that minimize for each feasible combination of 's, and then choosing the combination of 's and 's that yields the minimal . However, this would be prohibitively expensive in terms of computation. To simplify, we decompose this problem into a sequence of two simpler problems, as in [7] . The first step is to find intermediate values of (call them ) that minimize the total transmission energy for , , subject to . This is a constrained nonlinear programming problem which we solve via sequential quadratic programming (SQP) [8] . Once are found, we can compute the corresponding packet loss probabilities from (1). The next step is to find the combination of 's that minimizes the total transmission energy, while maintaining the values of . Note that if packet is repeated times using the transmission power (7) then each of it's copies will have a loss probability of , but the effective loss probability of packet remains . Hence, (7) tells us how to determine the power level for each of the copies of packet in order to preserve its loss probability of . The energy used to transmit all of copies of packet is . The number of feasible combinations of 's is effectively the number of terms in the multinomial expansion of the sum of variables raised to the power , given by For the parameters in Table II , which we believe are realistic for wireless video multicast over 3G networks, this number works out to be at most 924. Hence, we used exhaustive search to find the combination of 's that results in the lowest transmission energy. The above procedure assigns power level for the -th packet in GOP . This power level corresponds to packet loss probability which is related to through (1). An example of loss probabilities assigned to the packets of GOP 10 of the Foreman sequence, with (equivalent to minimum PSNR of 30.0 dB), is given in Fig. 4 . Observe that packets are assigned unequal loss probabilities-packets near the start of the bitstream have lower loss probabilities than those near the end of the bitstream, just as it should be for a scalable bitstream.
B. Loss Followed by Transmission of Parity Packets
Now assume that packets from GOP have been sent, and that some of them are lost. Each user may have lost a certain number of packets. Let be the number of users in the system, and let be the number of packets from GOP that user has lost. Let be the maximum of these numbers, so that . In order to recover the losses in GOP , the server will transmit parity packets using some of the slots allocated to GOP . This number of parity packets will enable each user to correct its own losses, since it is large enough even for the user with the largest loss. The goal is to minimize the total energy spent on transmission of packets of GOP and transmission of parity packets for GOP , while satisfying distortion constraint in both GOP and GOP . Since different users are likely to lose different packets, each of them could have a different expression for the expected distortion in GOP in terms of parity packets' loss probabilities.
The server could compute each of those, and then choose power levels for parity packets to satisfy the distortion constraint for each user separately. However, with a large number of users, this would be prohibitively expensive. Hence, we adopt a worst-case design strategy to find a single expression for , which in turn will result in distortion constraint being satisfied for all users. Let be the sequence of indices of packets lost among all users, sorted in ascending order. For packetized SNR scalable bitstreams, lower packet index indicates higher importance, because decoding of a packet depends on successful decoding of all previous packets. The worst-case design corresponds to the situation where the user with the largest loss (call her user A) is also the user which has lost the most important packet . Note that , because no single user could have lost more packets than the number of packets lost among all users. The server needs to send parity packets. These packets will all be sent at the same transmission power level . Let be the corresponding loss probability for each of them. If user A receives all of the parity packets, she will be able to decode bits in GOP , otherwise she will decode . The expression for expected distortion of GOP for user A is
Again, if -th parity packet is repeated times, its power level is chosen according to (7) to keep the loss probability the same. The optimization problem now has the following form: minimize subject to (9) where is the total energy spent on transmission of parity packets for GOP , given by , is the total energy spent on transmission of packets from GOP , as in (6), and is the expected distortion in GOP given by (5) . As in the previous subsection, the first step is to find intermediate power levels and (and corresponding loss probabilities and ) that minimize the total transmission energy for , and , . Then we find the best combination of and that minimizes the total transmission energy while maintaining loss probabilities found in the previous step.
C. Loss Followed by Error Concealment
Noncausal error control (NCEC) operates as follows. Losses in GOP will be concealed from GOP using backward error concealment. However, to satisfy distortion constraint in GOP in this way, one typically needs to transmit more data from GOP than would be necessary in the absence of losses in GOP . Suppose there are users in the video multicast system.
Each user may have lost a certain number of packets and, depending on its loss pattern, is able to decode a certain number of received packets. Suppose that user is able to decode packets in GOP . Similarly to the T2HA/F case, we adopt the worst-case design strategy. Based on feedback information, the server determines the largest number of packets that can be decoded by all users, which is equal to the number of decodable packets for the user with fewest decodable packets. Call this number , so that . Using this number and the appropriate D-R concealment surface (such as the one shown in Fig. 2) , the server can determine the number of packets needed to satisfy the distortion constraint in GOP through error concealment. The following example based on the D-R concealment surface from Fig. 2 illustrates the procedure. Assume that in GOP , Users 1, 2, and 3 have received 3, 5, and 8 packets, respectively. To find out how the concealed video quality for the three users depends on the number of packets in GOP , we find intersections of the surface in Fig. 2 with planes , , and , respectively. These intersections define operational D-R concealment curves for each user, shown in Fig. 5 . Suppose our goal is to maintain the maximum distortion below in terms of MSE. In that case, 5 packets from GOP would be sufficient for User 1, but not for Users 2 and 3-they would need 6 packets. Hence, to satisfy distortion constraint in GOP for all users, we need at least 6 packets from GOP in this case. This is also the worst-case design, because it is dominated by the user with the fewest decodable packets. Let the minimum number of packets from GOP needed to satisfy distortion constraint in GOP for all users through error concealment be denoted by . In addition to , the server can also determine , the number of packets needed to satisfy the distortion constraint in GOP (based on (3)). Let . This number of packets from GOP will be sent by the server to the users. Since is the greater of the two numbers ( and ), it will enable each user to satisfy distortion requirements in both GOP and GOP . Strictly speaking, this conclusion relies on the assumed monotonicity of operational D-R curves and operational D-R concealment curves such as those shown in Fig. 5 . It is well-known that theoretical D-R functions are non-increasing [15] , but there is no similar result for operational D-R curves which depend on the combination of a particular codec and specific source information [16] . Nonetheless, our empirical observations show that this monotonicity is indeed satisfied for the MC-EZBC coder over the range of coding rates and sequences used in this work, and we expect it to hold for other SNR scalable coders as well.
The optimization problem now becomes minimize subject to (10) where is computed as in (5), and is computed using the appropriate operational D-R concealment surface as (11) As before, we first find the power levels (and corresponding loss probabilities) that minimize the total transmission energy for , , and then find the combination of that minimizes the total transmission energy for the loss probabilities computed in the precious step.
If the total energy obtained by solving (10) happens to be higher than the energy required to employ T2HA/F (obtained by solving (9)), the server will transmit parity packets; otherwise, it will send only the packets from GOP and rely on error concealment. Hence, NCEC will be at least as efficient as T2HA/F, because it can always resort to T2HA/F if that happens to be the more efficient option. The question is-does error concealment ever become the more efficient option? The following section shows that error concealment usually is the more efficient option. Consequently, NCEC can be significantly more energy efficient than T2HA/F.
IV. RESULTS AND DISCUSSION
In the absence of constraints on the received video quality, error concealment would always be more efficient than the transmission of incremental redundancy. However, this is no longer the case if the received video quality is required to be above a certain level. Most error concealment methods cannot guarantee the quality of recovered video. One of the benefits of the error concealment method we employed in this work is that the quality of reconstructed video can be predicted using D-R concealment surfaces (e.g., Fig. 2 ). This enables future video data to be adjusted so that concealment can produce the required quality level. However, if the scene or motion are too complex, or if the required quality is too high, error concealment might not be able to provide it. Further, even if concealment with sufficient quality is possible, the quality of the reference data (the following GOP), which are used as the basis for concealment, may need to be so high (i.e. may require so many bits) that the transmission of incremental redundancy becomes the more efficient option. Hence, it is necessary to compare the energy required by T2HA/F and NCEC to maintain the received video quality above a certain pre-specified level.
We used two standard sequences in our experiments-Claire and Foreman-both grayscale, QCIF resolution, at 30 fps. They were encoded using the MC-EZBC video coder with GOP size of 8 frames. We simulated wireless multicast delivery of these sequences to three users. The channel parameters for the three users were set as , and , respectively, similar to the values used in [17] . These parameters are used to compute packet loss realization for the three users. They correspond to the situation where, on average, the first user has the worst reception, while the third user has the best reception. The value of is used in solving (6), (9) , and (10). Hence, the average energy consumption is dominated by the user with the worst reception. However, the actual energy consumption for each particular GOP depends on the actual loss realization for each of the users in the previous GOP.
Multicast simulation is carried out in the following way. Each packet gets assigned a certain transmission power through optimization procedures described in the previous section. For each user, packet loss probability can be obtained from transmission power via (1), where constant involves parameter for that user. Hence, each user ends up with its own packet loss probability. Then, for each user, we generate a Bernoulli random variable with the corresponding success probability to indicate whether the packet has been lost or received.
Transmission rate of the broadcast channel was varied in the range between 61.4 and 122.9 kbps for Claire, and between 92.2 and 215.0 kbps for Foreman. The reason for the difference in the range of transmission rates is that Foreman contains higher motion and is harder to compress (i.e. needs more bits) than Claire, so higher transmission rate is needed for the same quality. We tested error control with three values of maximum allowed distortion in terms of mean square error, . These settings correspond to minimum PSNR of 25.0 dB, 27.5 dB and 30.0 dB, respectively. To obtain statistically meaningful results, each sequence was transmitted 1000 times for each value of and each . The results in Tables III and IV represent averages of these 1000 simulation runs.
The average energy per frame spent on error control by T2HA/F and NCEC is shown in Table III for Claire and  Table IV for Foreman. Observe that at lower transmission rates, NCEC significantly outperforms T2HA/F in terms of energy efficiency. For example, for Claire at with minimum PSNR of 30.0 dB, NCEC is 55% more efficient than T2HA/F. At higher transmission rates, the number of available packet slots per GOP ( in the previous section) increases. Hence, packets can be repeated more often within the time slot allocated to the GOP, which reduces the required transmission energy. This makes both schemes more efficient, and the advantage of NCEC over T2HA/F reduces. The same trend was observed in the case of unicast video streaming [7] .
Note that for Foreman with minimum required PSNR of 30.0 dB, the advantage of NCEC over T2HA/F is 0%. This means that incremental redundancy always ends up being more efficient than error concealment. As mentioned above, there could be several reasons for this. In some cases, due to high scene or motion complexity, error concealment cannot provide the required quality. In other cases, the quality of future data needed for high-quality error concealment may need to be too high and require too many bits, making T2HA/F the more efficient option. We would expect both of these situations to arise in sequences with complex motion. Our results agree with this observation.
To gain further insight into the operational differences between T2HA/F and NCEC, we extracted a sample simulation run from the experiments with Foreman sequence, with kbps and minimum PSNR requirement of 27.5 dB. In this simulation run, user 1 loses the last two packets out of the four packets sent in GOP #2 (frames 9-16). During the transmission of the following GOP (GOP #3), T2HA/F scheme sends four packets from GOP #3 (which is enough to provide PSNR above 27.5 dB in GOP #3) and two parity packets for loss recovery in GOP #2. These two parity packets end up correcting the loss for user 1 in GOP #2. On the other hand, NCEC scheme increases the quality of data in GOP #3 by sending five packets for GOP #3. This is more than enough to keep the minimum PSNR of the frames in GOP #3 above 27.5 dB, but it also enables error concealment to produce the frames in GOP #2 whose PSNR is above 27.5 dB. Table V summarizes packet reception/loss for the three T2HA/F users and the three NCEC users. In the table, 1 indicates packet reception while 0 indicates packet loss. Packets 5 and 6 in GOP #3 for T2HA/F users are parity packets, indicated by (P).
The PSNR profile for all users is shown in Fig. 6 . We can make three observations from this example:
• Both schemes kept the PSNR of all frames above 27.5 dB, which was the main objective. • T2HA/F ended up sending six packets in the time slot allocated to GOP #3 (four packets from GOP #3 and two parity packets for GOP #2), while NCEC sent only five packets (all from GOP #3). Hence, packets could be repeated more often with NCEC than with T2HA/F, which improved energy efficiency of NCEC. The total transmission energy in GOP #3 was 0.0794 Joules per frame (Jpf) for T2HA/F, and 0.0749 Jpf for NCEC, as illustrated in Fig. 7 . This represents a saving of 5.6%, slightly lower than the average saving of 5.9% measured in 1000 simulation runs under these conditions (Table IV) .
• NCEC reaction to loss in GOP #2 was to improve the quality of GOP #3 (frames [17] [18] [19] [20] [21] [22] [23] [24] . This benefited all users, since each of them decoded GOP #3 at a higher quality, while user 1 was able to compensate for its loss in GOP #2 through error concealment. Meanwhile, with T2HA/F, sending parity packets helped user 1 correct its losses, but did not help any of the other users. Sample frames from this simulation run are shown in Fig. 8 . From top to bottom, the figure shows the first and the last frame from GOP #2 (frames 9 and 16) and the first frame of GOP #3 (frame 17). From left to right, the first column corresponds to T2HA/F (all three users), the second column corresponds to users 2 and 3 with NCEC, while the third column shows the frames decoded by user 1 with NCEC. Observe that the quality of frame 17 (bottom row in the figure) is higher for NCEC users than for T2HA/F users, since NCEC increases the quality of GOP #3 to compensate for the loss in GOP #2. The quality improvement is most visible along diagonal edges in the upper-left and upper-right part of the frame. PSNR of frame 17 is 29.5 dB for T2HA/F users and 31.3 dB for NCEC users. The first two rows in the figure show the first and the last frame of GOP #2 (frames 9 and 16) Here, users 2 and 3 with NCEC decode the same frames as T2HA/F users-all of them are able to decode the original four packets from GOP #2. The PSNR values for these two frames are 29.4 dB and 29.6 dB, respectively. Meanwhile, user 1 with NCEC (third column) uses error concealment to compensate for its loss. Observe how the increased quality of GOP #3 "spills over" into GOP #2 for this user through error concealment. The PSNR values for frames 9 and 16 for this user are 29.0 dB and 30.7 dB. As expected, frame 16 has the highest quality among all frames in GOP #2 because it is temporally closest to high-quality GOP #3 which is being used as the reference for error concealment. As we move backwards in time through GOP #2, away from GOP #3 and towards frame 9, PSNR values decrease, as illustrated in Fig. 6 . In terms of PSNR, frame 9 of NCEC user 1 has lower quality than frame 9 of other users-29.0 dB versus 29.4 dB. However, visual comparison still seems to favor frame 9 of NCEC user 1 despite the lower PSNR value, because diagonal edges look much cleaner here than in other users' frames, albeit with some minor motion artifacts.
V. CONCLUSIONS AND FUTURE WORK
The focus of this paper was wireless video multicast. We have:
1) Developed joint source rate selection and power management for two error control schemes-type 2 hybrid ARQ/FEC (T2HA/F) and noncausal error control (NCEC). 2) Compared energy consumption of T2HA/F and NCEC in maintaining pre-specified video quality at the receiver for two standard sequences of different complexities and a variety of transmission rates. 3) Examined operational differences of the two error control schemes, and demonstrated that NCEC can be significantly more efficient than T2HA/F, especially for sequences with lower motion complexity.
T2HA/F can scale to a very large number of users [6] , because it enables each user to correct its own losses from common data-parity packets in this case. NCEC shares this property with T2HA/F. With NCEC, losses are corrected from future video data, which is common to all users. However, as the results show, NCEC can be significantly more efficient than T2HA/F. The main reason for this efficiency gain is that with NCEC, all resources (e.g. bandwidth, power) can be spent on transmitting future data, while with T2HA/F, part of the resources have to be spent on sending parity packets related to the previously transmitted data.
The two error control schemes we described in this paper were designed to minimize the power needed to maintain the received video quality above a certain pre-specified level. In practice, however, there are various regulatory limits on the base-station transmit power [18] . Hence, the power levels resulting from optimization procedures developed in Section III might occasionally be too high for a practical system. An important extension of this work would be the development of power management schemes for error control that incorporate power constraints. In this extended framework, the system would still try to minimize the power needed to maintain a certain video quality as described in Section III. If the resulting required power happens to be above the maximum allowed power level, the system would switch to a different mode and try to maximize the video quality for the given maximum allowed power level, as suggested in [19] .
The key component of NCEC is the error concealment algorithm that recovers lost data from future video data. Coupled with the scalable coder, this methodology allows us to predict the video quality obtained through error concealment, and adjust the quality of future video data accordingly. More advanced error concealment algorithms in NCEC could further reduce energy consumption.
